ABSTRACT: The Wilson disease protein or ATP7B is a P 1B -type ATPase involved in human copper homeostasis. The extended N-terminus of ATP7B protrudes into the cytosol and contains six Cu(I) binding domains. This report presents the NMR structure of the polypeptide consisting of soluble Cu(I) binding domains 3 and 4. The two domains exhibit ferredoxin-like folds, are linked by a flexible loop, and act independently of one another. Domains 3 and 4 tend to aggregate in a concentration-dependent manner involving nonspecific intermolecular interactions. Both domains can be loaded with Cu(I) when provided as an acetonitrile complex or by the chaperone HAH1. HAH1 forms a 70% complex with domain 4 that is in fast exchange with the free protein in solution. The ability of HAH1 to form a complex only with some domains of ATP7B is an interesting property of this class of proteins and may have a signaling role in the function of the ATPases.
Human ATP7B (WLN)
1 is a member of the P 1B -type ATPase family that plays a crucial role in copper transport and homeostasis in the body (1) . The WLN protein, like the other human copper ATPase, the Menkes protein (MNK hereafter), delivers copper to the secretory pathway of the trans-Golgi network (TGN) where the metal ion is incorporated into copper-dependent enzymes (2, 3) . Both proteins can also translocate from the Golgi membrane to the plasma membrane for copper efflux from the cell (4-6). The predicted topological organization of WLN and MNK includes four major regions or domains: the N-terminal copper binding domain, the transmembrane domain, the ATP binding domain, and the actuator domain.
The ∼650-amino acid N-terminal domain of WLN (WLN16, hereafter) contains six soluble domains with a conserved metal binding motif GMT/HCxxCxxxIE, each capable of binding 1 equiv of Cu(I) with similar affinity (7) (8) (9) (10) (11) (12) .
The N-termini of WLN homologues from other organisms contain between one and five metal binding domains (13) . Although the structure of WLN16 has yet to be determined, the NMR structure of a construct containing domains 5 and 6 (WLN56) is available (14) . The two domains each have a ferredoxin-like fold ( R R ), are connected by a short linker, and are found in a fixed reciprocal orientation.
The six soluble domains of both WLN and MNK receive copper from the cytoplasmic metallochaperone HAH1 (15) . The exact role and interplay of the six soluble domains are still unclear. In the case of MNK, the six soluble domains interact differently with HAH1. The interactions have been investigated by a variety of techniques, ranging from yeast two-hybrid assays (16) (17) (18) to NMR (19, 20) . These data indicate that the MNK first and fourth domains form a metalmediated adduct with HAH1 whereas the sixth domain is simultaneously loaded with Cu(I) without formation of the adduct. In the case of WLN, both the second and fourth domains can form a copper-dependent adduct with HAH1 (14, 16, 18, 21) . By contrast, WLN56 can receive Cu(I) from domain 4, but not from HAH1 (14) . In another report, a series of six-domain constructs in which five of the six metal binding CXXC motifs were mutated to SXXS was generated (11) . In all constructs, the intact domain was able to receive Cu(I) from HAH1. We report here the structural and dynamical characterization of a construct containing WLN domains 3 and 4 (WLN34 hereafter) as well as their interaction with Cu(I) and Cu(I) HAH1. amino acids long and contains domains 3 and 4, the interdomain linker (31 amino acids), a 17-amino acid portion of the linker connecting domains 2 and 3, a 12-amino acid portion of the linker connecting domains 4 and 5, and no tags. For the sake of simplicity, in the following text, residues will be numbered from 1 to 202, rather than starting from 238. Cells were grown at 37°C in M9 minimal medium containing (NH 4 ) 2 SO 4 as the sole nitrogen source and glucose as the sole carbon source. The medium was supplemented with a vitamin mix (Sigma), 100 µg/mL carbenicillin, and 40 µg/mL chloramphenicol. The 15 N-and 13 C-enriched samples were produced using >95% enriched nitrogen and carbon sources, as appropriate. When the OD 600 reached 0.7-0.9, the flasks were cooled to 18°C, and protein expression was induced with 1 mM isopropyl -D-thiogalactopyranoside (IPTG). Cells were harvested after an overnight growth by centrifugation for 15 min at 8000g, resuspended in 50 mM HEPES (pH 8.0), 150 mM NaCl, 0.1% Triton X-100, and 1 mM phenylmethanesulfonyl chloride (PMSF), and stored at -80°C.
MATERIALS AND METHODS

Preparation of Protein
For purification, the cell suspension was thawed and stirred at ambient temperature for 30-60 min with EDTA-free protease inhibitor tablets (Roche, one tablet for 40 mL of cell suspension), 1 mM PMSF, and a pinch of solid DNaseI. The solution was centrifuged at 125000g for 30-60 min, and the supernatant was applied to a 20 mL nickel-loaded Chelating Sepharose column (Pharmacia) rinsed with buffer A [50 mM HEPES (pH 7.5), 500 mM NaCl, and 10% glycerol]. WLN34 was eluted with a 4 column volume gradient from 90 to 300 mM imidazole (pH 7.5) with 500 mM NaCl and dialyzed twice (with at least one overnight dialysis) at 4°C versus 2 L of buffer H [50 mM HEPES (pH 7.5) and 200 mM NaCl]. The protein solution was then concentrated to 50 mL (∼40 µM), and cleavage of affinity tags was initiated by the addition of 120 units of Factor Xa (Novagen) in buffer H supplemented with 5 mM CaCl 2 at room temperature. The cleavage was stopped after 3 h by addition of 1 mM PMSF. The protein was loaded onto the nickel column preequilibrated with buffer A and eluted with ∼36 mM imidazole. Fractions containing the cleaved protein were concentrated in the presence of 1 mM EDTA, 10 mM DTT, and 50 µM bathocuproine disulfonate (BCS), applied to a Superdex 200 gel filtration column (Pharmacia), and eluted with 20 mM sodium phosphate (pH 6.5) and 150-200 mM NaCl. The typical yield was ∼5 and ∼11 mg of pure protein per liter of Escherichia coli culture for 13 C-and 15 Nlabeled and 15 N-labeled samples, respectively. The identity of the protein was confirmed by mass spectrometry, and the purity was assessed by SDS-PAGE. The Cu(I) HAH1 sample was prepared as described previously, always without a His 6 tag (22) .
The copper-loaded WLN34 was prepared by adding up to 2 equiv of the Cu(I) acetonitrile complex [Cu(CH 3 CN) 4 -PF 6 )] to apoprotein that had been reduced with 2-3 molar equiv of dithiothreitol (DTT). Cu(CH 3 CN) 4 PF 6 was added in a N 2 atmosphere chamber and the titration followed via NMR Experiments and Structure Calculations. The NMR spectra were recorded at 298 K on Avance 500, 700, and 900 Bruker spectrometers, all equipped with cryogenically cooled probes. Resonance assignments of apo-WLN34 and Cu(I) WLN34 were performed by conventional multidimensional NMR techniques based on triple-resonance experiments (Table S1 ) (23) . All residues were assigned, with the exception of Ser17, His30, Lys32, Arg76, and Thr132 for apo-WLN34 and Met29, His30, Lys32-Cys34, and Arg76 for Cu(I) WLN34. Resonance assignments are reported as Supporting Information (Tables S2 and S3 ) and have been deposited in the BioMagResBank (entry 11041). Distance constraints for structure determination of apo-WLN34 were obtained from 15 N-edited and 13 C-edited three-dimensional NOESY-HSQC experiments (Table S1 ). Structure calculations were performed using CYANA (24) . Each of the 20 conformers with the lowest residual CYANA target function value was then energy-minimized in explicit solvent with AMBER-8 (25) . NOE and torsion angle constraints were applied with force constants of 32 kcal mol -1 Å -2 and 32 kcal mol -1 rad (27) were recorded at 298 K at 500 MHz, using a protein concentration of 0.1 mM for both apo-WLN34 and Cu(I) WLN34. Relaxation measurements for apo-WLN34 were performed also at a protein concentration of 1 mM. R 1 and R 2 relaxation rates were obtained by fitting the cross-peak volumes (I), measured as a function of the relaxation delay, to a single-exponential decay as described in the literature (28) . Heteronuclear NOE values were calculated as the ratio of peak volumes in spectra recorded with and without saturation. In all experiments, the water signal was suppressed with the "water flipback" scheme (27) .
The average backbone 15 
RESULTS AND DISCUSSION
Protein Structural and Dynamical Characterization. A construct containing soluble metal binding domains 3 and 4 of the human WLN protein (WLN34) has been overexpressed, and its structural and Cu(I) binding properties as well as its interaction with HAH1 have been studied by NMR. The NMR spectra of apo-WLN34 and copper-loaded WLN34 are indicative of a folded protein. The two domains consist of ∼70 amino acids each and are connected by a linker of 31 residues. The 1 H- 15 N HSQC spectra show welldispersed amide signals with few peaks clustered in the random-coil region. Peak assignment indicates that the dispersed signals belong to residues of the two domains, confirming their folded state ( Figure S1 ). By contrast, the NH resonances belonging to residues of the linker and to 17 and 12 amino acids located at the N-and C-termini of the construct have reduced signal spreading, which suggests a random-coil-like conformation for these regions ( Figure S1 ). 15 N relaxation data are consistent with these conformational properties. The residues belonging to the linker region and to the C-and N-terminal regions of both apo and Cu(I)-loaded forms of WLN34 are characterized by significantly negative 15 N{ 1 H} NOE values, indicating that they experience extensive dynamics on the subnanosecond time scale typical of random-coil regions.
The mobility properties of WLN34 were investigated by performing 15 N relaxation measurements at different concentrations. A decrease in the correlation time for protein tumbling (τ m ), as estimated from the R 2 /R 1 ratios, was observed for both domains of apo-WLN34 when the protein concentration was reduced from 1.0 to 0.1 mM. For apo-WLN34, the τ m values of domains 3 and 4 were 11.7 ( 0.9 and 10.6 ( 0.8 ns, respectively, at 1 mM protein concentration and decreased to 9.0 ( 0.6 and 8.0 ( 0.9 ns, respectively, at 0.1 mM protein. These data suggest that some kind of aggregation due to domain-domain interactions, involving both domains 3 and 4, is operative in the apo-WLN34 construct, as the τ m value is higher than that expected for a single domain freely reorienting in solution. Since the τ m values of both domains decrease with protein concentration, the aggregation phenomena are characterized by intermolecular interactions rather than intraprotein domain-domain interactions. Moreover, the lack of detectable change in the 1 H and 15 N chemical shifts for any residue withachangeinconcentrationindicatesthattheseprotein-protein interactions are likely not localized to any specific region of the protein but involve different surface patches. Taken together, the data indicate that aggregation of apo-WLN34 is concentration-dependent and involves nonspecific intermolecular interactions. The behavior of Cu(I) WLN34 is more complex. The R 1 and R 2 values of domain 3 are similar to those of the apoprotein at the same concentration (0.1 mM protein), and their ratio provides a similar τ m value of 8.9 ( 0.9 ns. However, domain 4 is characterized by a higher R 1 value and a lower R 2 value, indicative of faster reorientation. Thus, a lower reorientational correlation time of 6.2 ( 0.9 ns is estimated from their ratio.
Both apo-WLN34 and Cu(I) WLN34 exhibit aggregation before and after 10-fold dilution since the typical τ m value of a single soluble copper binding domain is 4.5-5 ns (22) . Consistent with this observation, the protein precipitated significantly over 2-3 days at concentrations higher than 1 mM. In the presence of Cu(I), domain 4 seems to be less involved in nonspecific interactions with respect to domain 3 and therefore tumbles in solution more freely than in the apo state. The tumbling rate value of domain 4 in Cu(I) WLN34 is similar to that found for a single soluble copper binding domain, indicating that the linker allows free reorientation of the two domains in solution. Overall, the tumbling behavior suggests that domains 3 and 4 of apo-WLN34 are involved in intermolecular interactions with the same domain of another protein molecule and that copper binding disrupts the interdomain interactions of domain 4 but not of domain 3.
The solution structure of apo-WLN34 was determined using 2452 meaningful upper distance limits, 231 angle constraints experimentally determined, and 28 proton pairs stereospecifically assigned. After energy minimization in explicit solvent, the final bundle of 20 conformers of apo-WLN34 has an average (over all conformers) target function restraint violations in the final structure together with structural quality parameters from PROCHECK-NMR (29) and WHATIF (30) . The two domains of apo-WLN34 are well-folded with the ferredoxin-like fold common to all other copper ATPase soluble domains characterized up to now (14, (31) (32) (33) (34) . By contrast, the linker lacks long-range NOEs, consistent with its high flexibility (vide supra) ( Figure S3) . Domains 3 and 4 of apo-WLN34 can be superimposed with the single domains 3 and 4 of MNK [MNK3 and MNK4, respectively, hereafter (PDB entries 2G90 and 1AWO, respectively)] (32, 34) with global rmsd values of 1.3 and 0.7 Å, respectively, calculated for backbone atoms (Figure 2 ). The largest structural changes between the forms of domain 3 occur in loop 4, located after the third -strand, and in helix R 1 , which follows the metal binding loop (loop 1) and is shorter in domain 3 of apo-WLN34 than in apo-MNK3 (Figure 2A) . Similar to what has been previously observed in the structure of MNK3 (32), helix R 2 in domain 3 of WLN is shorter at its C-terminus with respect to the other soluble domains of WLN and MNK, structurally distinguishing this domain from the others. This difference is due to a proline residue (Pro83, numbering of the protein studied here) conserved in all forms of domain 3 of mammalian Cu(I)-ATPases. In domains of other Cu(I)-ATPases, this Pro is substituted with a Phe residue which is part of a network of hydrophobic contacts involving the conserved Met located two residues before the metal binding loop, the second metal binding Cys, and a conserved Ile in helix R 1 (31, 35) . This core is present in domain 3 of apo-WLN34 and in MNK3 (32) , but Phe86 is located four positions closer to the C-terminus than in the other domains. The loop between helix R 2 (loop 5) and strand 4 (11) . Variations in the chemical shifts between apo-WLN34 and Cu(I) WLN34 are observed only for the metal binding residues and those in proximity to the metal binding site. These spectral changes indicate that metal binding does not affect the overall fold, producing only minor localized structural changes in the binding loop. A similar effect is observed for all the soluble domains of MNK and WLN (14, (33) (34) (35) (36) . During copper addition, the spectra exhibit two sets of signals arising from the apo and Cu(I)-bound forms of WLN34, indicating that exchange between the two forms is slow on the NMR time scale (equilibration time of less than milliseconds).
To study the interaction between Cu(I) HAH1 and the domains of WLN34, apo-[ 15 N]WLN34 was titrated with unlabeled Cu(I) HAH1. This system exhibited a complex and domain-dependent behavior. Both domains 3 and 4 are affected by the addition of even substoichiometric amounts of Cu(I) HAH1 [i.e., with <1 equiv of Cu(I) available for three binding sites, one on HAH1 and two on WLN34] (Figure 3) , indicating that the domains have similar affinities for incorporation of Cu(I) from HAH1. However, the effect is different for the two domains. For domain 4, addition of increasing amounts of Cu(I) HAH1 caused changes in the chemical shifts of some backbone NH signals and the disappearance of others ( Figure 3A,B) . In the case of domain 3, a second set of signals appeared, corresponding to the Cu(I)-bound species, and its intensity increased upon addition of Cu(I) HAH1 ( Figure 3C ). These data suggest that Cu(I) HAH1 forms detectable amounts of a macromolecular complex with domain 4, whereas domain 3 removes Cu(I) from the metallochaperone without detectable complex formation. Similarly, adduct formation was observed when apo-[ Figure 4A) . A substantial number of signals from residues in HAH1 also became broad beyond detection, indicating that HAH1 interacts with WLN34 at a rate compatible with the NMR time scale.
Cu(I) HAH1 in the mixture has a τ m value, as estimated from the R 2 /R 1 ratios, of 9.6 ( 0.7 ns. This value is consistent with ∼70% of the HAH1 molecules participating in a protein-protein adduct, assuming an overall rotational correlation time for molecular tumbling of the complex of 11.1 ns (6.2 ns for the WLN4 domain plus 4.9 ns for HAH1). apo-[ 15 N]WLN34 in the presence of 2 equiv of unlabeled Cu(I) HAH1 gives molecular tumbling times of 8.5 ( 0.6 and 9.3 ( 0.6 ns for domains 3 and 4, respectively. These values closely resemble those of apo-WLN34 in the absence of HAH1 (9.0 ( 0.6 ns for domain 3 and 8.0 ( 0.9 ns for domain 4) but differ from that of copper-loaded domain 4 (6.2 ( 0.9 ns). Domain 3 becomes metalated without any appreciable formation of a complex with HAH1. Since both the apo and Cu(I) forms are always involved in nonspecific interactions with another domain 3, as shown by its higher than a single domain τ m value, its τ m is not expected to change in the presence of HAH1, which is observed experimentally. By contrast, domain 4 with Cu(I) bound is tumbling as an isolated moiety. The observed increase in τ m upon Cu(I) HAH1 interaction is thus consistent with formation of a complex between the two proteins as indicated by the chemical shift variations upon titration.
Finally, mapping of the signal perturbations experienced by domain 4 and by HAH1 onto the corresponding solution structures defines regions of intermolecular contact ( Figures  3B and 4B) . These patches are similar to those determined for all the other MNK or WLN domains as well as the soluble domains of ATPases from other organisms (14, 20, 37, 38) .
Functional Implications. As part of our efforts to understand the roles of the N-terminal metal binding domains in copper transport by WLN, we determined the NMR structure of WLN34. WLN34 comprises two distinct domains with ferredoxin-like folds. The two domains are connected by a flexible loop and act independently of one another, like "beads on a string", even if some weak, nonspecific interactions with the corresponding domain of another molecule occur. By contrast, electrostatic interactions and hydrogen bonds hold the two domains in WLN56 in a defined and rigid orientation, precluding the possibility of interdomain copper transfer (14) . Cu(I) HAH1 delivers the metal ion efficiently to WLN34, but not to WLN56 according to NMR (14) or the yeast two-hybrid assay (16) . Furthermore, the interaction with Cu(I) HAH1 is remarkably different for the two domains of WLN34. It is not clear why Cu(I) HAH1 can form stable adducts with domain 4 and not with domain 3, given that Cu(I) is transferred efficiently to both domains. Similar behavior is observed for the six-domain construct of MNK, in which domains 3 and 4 were metalated by Cu(I) HAH1, but only domain 4 formed a stable adduct with Cu(I) HAH1 (20) . A few possible scenarios are consistent with data. Domain 3 could be metalated by Cu(I) HAH1, possibly through weak interactions. The adduct concentration may be too low for detection by NMR. Alternatively, domain 3 could receive copper from metalated domain 4 [that was loaded via interaction with Cu(I) HAH1]. The two domains are connected by a long flexible linker, rendering interdomain Cu(I) transfer possible. However, site-directed mutagenesis studies on both the MNK16 and WLN16 constructs showed that all the domains can be directly metalated by Cu(I) HAH1 despite differences in the properties for their interaction with the chaperone (11, 20) .
While the differences in behavior between domains 3 and 4 and between WLN34 and WLN56 could be the basis for the distinct roles of the metal binding domains, the available literature suggests that the functional roles of each of the six metal binding domains in WLN are defined not by the fold or the metal binding properties of each individual domain but by the properties and position of each domain within the global conformation of the entire soluble portion of the ATPase and/or, most probably, by the interaction of the metal binding domains with other components of the ATPase or with the metallochaperone. Therefore, NMR studies of the entire soluble portion of Wilson ATPase and its interactions with Cu(I) and HAH1 are necessary. The current NMR structure of WLN34 combined with the structure of WLN56 lays the foundation for such studies. (22)]. Residues featuring a δ∆ value of at least 0.1 ppm are represented as light gray spheres (residues 8, 59, and 62). Black spheres indicate peaks that became broad beyond detection upon interaction (residues 9-23 and 58). The side chains of metal-binding cysteines are shown, and secondary structure elements are labeled.
SUPPORTING INFORMATION AVAILABLE
